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Membrane skeleton: How to build a molecular shock absorber
Amy McGough
Newly determined structures of the α-helical repeats
that make up the key ‘rod’ domains of spectrin and
α-actinin — which serve as spacers between their
actin-binding domains — have provided important
insights into how these proteins function as molecular
shock absorbers in cells.
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The human red blood cell is a remarkable transport system,
perfectly suited to its task. Its cargo, hemoglobin, is carried
effortlessly throughout the body, where it is serves as a
molecular shuttle for oxygen and other gases. Although the
red blood cell is not itself motile, it leads a very dynamic
existence in the circulatory system. During the course of its
travels it must be durable enough to withstand the turbu-
lent environment of the vasculature without losing its
cargo; but it must also be pliant enough to squeeze through
narrow passages of the microvasculature, often distorting in
ways that a contortionist would admire. 
To perform these tasks, the red cell has become highly
specialized, discarding the traditional three-dimensional
cytoskeleton found in most cells for an elegant ‘membrane
skeleton’ that lines the inner face of the cell membrane.
Spectrin has long been recognized as the principle compo-
nent of the membrane skeleton that allows the red cell to
be both readily deformable and highly elastic, but the
molecular mechanism by which this is achieved has
remained elusive. Two recent structural studies of the rod
domains of spectrin [1] and its cousin α-actinin [2] have
provided the most detailed molecular information to date
on how these proteins assemble into, and function as,
molecular shock absorbers in cells.
Spectrin is a member of a large protein family of actin-
binding proteins, characterized by their ability to cross-link
actin filaments into loose networks or tight bundles. Their
ability to interact with other proteins makes members of
this family important molecular scaffolds for both cytoplas-
mic and membrane assemblies. In addition, they are key
components of structures ranging from muscle Z bands to
stereocilia, suggesting a general role as shock absorbers in
cellular structures that are regularly subjected to mechani-
cal stress. Structurally, these proteins are classified as a
group based on a shared actin-binding module, the
calponin homology (CH) domain, whose binding site on
the actin filament has been identified by electron cryomi-
croscopy [3]. Additional regulatory domains are also present
which tailor individual family members to specific tasks.
Sequence analysis showed that several members of this
family of actin-binding proteins — including spectrin,
α-actinin and dystrophin — have a region consisting of a
repeated motif predicted to consist primarily of α helices
arranged as a triple-helical coiled-coil [4]. This region serves
as a spacer between actin-binding domains; proteins with
few repeats form actin bundles, whereas those with many
repeats form loose networks or gels. Yan et al. [5] deter-
mined the structure of a single spectrin repeat by X-ray
crystallography. Their structure confirmed many of the fea-
tures of the triple-helical model, but it also left a number of
unanswered questions, particularly concerning the nature of
the connections between repeats in a spectrin subunit. This
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Three models for spectrin elasticity. (a) The ‘random coil’ model
predicts a ‘worm-like’ configuration for spectrin tetramers at rest;
(b) these tetramers straighten when spectrin is at full extension in
response to a mechanical stress. (c) In the ‘helical spring’ model, the
spectrin subunits coil about one another in a regular fashion; (d) the
two-start helical structure extends by increases in pitch accompanied
by decreases in diameter. (e) In the ‘rearrangement’ model, a region of
the spectrin repeat adopts a helical conformation at rest; (f) when
extended, the spectrin repeat ‘melts’ to form a loop structure.
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is a central feature of the structure that is directly relevant
to the molecular basis of spectrin’s elasticity.
The erythrocyte membrane skeleton can be thought of as
a two-dimensional, pseudo-hexagonal network of spectrin
tetramers that meet at vertices consisting of short actin
filaments. In vivo, the distance between actin filaments is
about 700 Å, but the spectrin tetramer is known to reach
2000 Å at full extension. This implies that distortion of the
red blood cell — during travel in the microvasculature, for
example — is accompanied by extension of spectrin
tetramers in some regions of the cell, and compression in
other regions. Inspired both by isolated spectrin’s ‘worm-
like’ appearance in electron micrographs, as well as by its
elastic properties, Speicher and Marchesi [4] suggested
that, in the resting cell, spectrin tetramers are random
coils. The idea was that these coils straighten and extend
in response to a mechanical stress; when the stress is
removed, the spectrin molecules are restored to their
shorter, resting conformation, driven by the increase in
entropy associated with the random coil configuration.
This model relied in part on the existence of a ‘flexible
linker’ connecting the α-helical repeats (Figure 1a,b).
An alternative to the random coil model was suggested
several years later on the basis of electron micrographs of
negatively-stained membrane skeletons which had been
partially expanded at low ionic strength [6]. The micro-
graphs showed that spectrin could shorten while remaining
essentially straight. Fourier analysis of images of spectrin at
varying degrees of extension showed that the α and β spec-
trin subunits coiled around one another to form a two-start
helix. As the molecule extended, the pitch of the helix
increased while the diameter decreased, consistent with a
model in which the spectrin tetramer acts like a helical
spring (Figure 1c,d). More recent electron cryomicroscopy
studies of isolated membrane skeletons suggest that there
might also be an additional level of coiling of the spectrin
tetramer when the molecule is not flattened onto a carbon
support in preparation for electron microscopy (R. Josephs
and L. Yang, manuscript in preparation).
The newly determined structures [1,2] show that the
linker region in proteins of this type in fact forms part of a
long α helix that joins one repeat to the next, arguing
against a random coil model for spectrin elasticity and
extensibility. Each repeat is composed of three α helices
of varying lengths, connected by short loops. Because of
differences in the lengths of the helices, portions of the
repeats are three-helix coiled-coils, while others consist of
two-helix coiled-coils. The helices are not straight, but
gently wind about one another in a left-handed super-coil
typical of coiled-coil motifs. Grum et al. [1] studied four
related constructs containing segments R16 and R17 of
human α-spectrin. Comparison of the structures showed
that the main core of the repeat is highly conserved, but
two regions showed variability. These variable regions
provided the inspiration for two models of spectrin elastic-
ity: the ‘bending model’ and the ‘rearrangement model.’
The bending model is based on the finding that the α-
helical linker exhibits variable amounts of bending and
twisting about the long axis relative to the adjacent
repeat. If present over multiple repeats, this would have
the effect of significantly shortening the molecule. Grum
et al. [1] propose a model in which spectrin reduces its
end-to-end distance by super-coiling, in a similar manner
to that proposed in the helical spring model of McGough
and Josephs [6]. In this bending model, the helical linker
becomes a ‘ball and socket’ hinge connecting rigid helical
rods. Varying amounts of bending produce changes in the
pitch and diameter of the spectrin super-coil, while
reducing its overall length — the authors estimate that
bending by about 45° at the linkers would reduce spectrin
length by about 50%.
Grum et al. [1] also found evidence that the spectrin
repeats might be more dynamic than previously thought.
In one of the four structures, a loop connecting two α
helices has moved to form part of an adjacent helix, while a
neighboring helical region has ‘melted’. As a result of this
rearrangement, the overall length of the repeat is reduced.
This forms the basis of the second model for spectrin elas-
ticity, in which a rearrangement of the secondary structural
elements of the repeats produces changes in molecular
length (Figure 1e,f). This model is reminiscent of what is
thought to occur in the muscle protein titin, except that in
the spectrin rearrangement model there is no net loss of
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Figure 2
Three models for the arrangement of α-actinin subunits in the
homodimer: the (a) ‘aligned’, (b) ‘flanking hybrid repeat’ and
(c) ‘staggered’ models (see text for details). ABD, actin-binding
domain; R1–R4, helical repeats; H1 and H2, hybrid repeats;
C, calmodulin-like domain. 
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secondary structural elements. If structural rearrangements
of this type were combined with bending of the linker,
truly dramatic changes in length could be produced.
Although the models described above are framed in the
context of individual spectrin subunits, in reality most
members of the CH-domain family of actin cross-linking
proteins form obligate dimers. In the case of the spectrin
and α-actinin subgroup of the family, the α-helical repeats
position two actin-binding modules correctly to form
bundles or networks. Despite the importance of the
dimerization process, relatively little is known about the
interactions that occur between subunits. The work of
Dijinovic-Carugo et al. [2] has provided the first atomic
resolution view of how α-actinin, and presumably the
other members of the α-helical group, might dimerize.
The α-actinin molecule is an anti-parallel homodimer, con-
sisting of four α-helical repeats flanked by an amino-termi-
nal actin-binding domain and a carboxy-terminal
‘calmodulin-like’ domain with two ‘EF hand’ motifs.
Although the basic dimensions of the dimer have been
agreed upon for some time, the alignment of the two
subunits relative to one another has been a matter some
debate. This arrangement is important for developing a
proper understanding of how these proteins function,
particularly the calcium-sensitive isoforms which are
thought to be regulated through the proper spatial
juxtaposition of the EF hand motifs of the two subunits.
Three models of the dimer have been proposed. The
simplest is the so-called ‘aligned model’ in which the four
α-helical repeats of one subunit (R1–R4) are in register
but are oriented with opposite polarity relative to the four
repeats of the other subunit (R1′–R4′) (Figure 2a) [7].
Several years later another model was proposed by Parry
et al. [8], in which three central pairs are flanked on either
side by hybrid repeats formed by rearrangements of sec-
ondary structural elements of both subunits (Figure 2b). A
third possibility, the ‘staggered model’ (Figure 2c), has
been proposed on the basis of electron crystallographic
analysis of two-dimensional crystals of α-actinin grown on
lipid monolayers [9,10]. As its name implies, this model
predicts that the two subunits are staggered by one helical
repeat relative to one another. This produces a longer
molecular length for the dimer than that predicted by the
aligned model. It also would position the calmodulin-like
domain further away from the actin-binding domain,
making it more difficult to imagine how regulation might
be achieved in the calcium-sensitive isoforms.
Dijinovic-Carugo et al. [2] have succeeded in obtaining
crystals of the two central repeats (R2R3) of human skele-
tal muscle α-actinin, which appear to show how the dimer
is formed. In the crystal structure, the R2R3 protein is
arranged as an aligned, antiparallel dimer. Analytical
ultracentrifugation of the R2R3 construct supports the
authors’ interpretation that the contacts seen in the crystal
arise from true dimer formation, rather than from
fortuitous crystal packing. The two monomers make
extensive contacts with one another along their long axis.
Electrostatic surface potential mapping of the dimer
interface reveals that the two surfaces are complementary.
In contrast, when a staggered model for the dimer was
built, mismatching of similarly charged residues would
tend to destabilize a dimer.
Interestingly, the R2R3 subunits in this structure [2]
slowly twist about one another, consistent with both the
atomic models of the spectrin repeats [1] as well as with
the twisting evident in electron micrographs of intact
spectrin [6] and α-actinin (K. Taylor, personal communi-
cation). Learning precisely how this twisting contributes
to function may require a hybrid approach, in which
electron microscopic reconstructions of the intact pro-
teins at varying degrees of extension are interpreted in
the context of atomic models of individual domains or
sets of domains determined by X-ray crystallography and
NMR spectroscopy [11]. 
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